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CRITICAL REACTION RATES
IN HYPERSONIC COMBUSTION CHEMISTRY

Richard C. Oldenborg, David M. Harradine, Gary W. Loge,
John L. Lyman, Garry L. Schott, and Kenneth R. Winn

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

INTRODUCTION;

High Mach number flight requires that the scramjet propulsion system operate at a
relatively low static inietl pressure and a high inlet temperature. These two constraints
can lead to extremely high temperatures in the combustor, yielding high densities of
radical species and correspondingly poor chemical combustion efficiency. As the tem-
perature drcps 10 the nozzle expansion, recombination of these excess radicals can
produce more product species, higher heat yield, and potentially more thrust. The
extent to which the chemical 2fficiency can be enhanced in the nozzle expansion
depends directly on the rate of the radical reccmbination reactions.

Radical recombination reactions rely on collisions to stabilize products, and
consequently the rates of these reactions are, in general, pressure dependent. The
low pressures inberert in high Mach number, high altitude flight can, therefore, slow
these reaction rates significantly, relative to their rates in more conventional propulsion
systems. This slowing ¢‘ the chemistry is further compounded because high Mach
number flight also i/mphes high internal velocities that result in very shorn residence
umes (millisecond time range) in a hypersonic engine. Consequently, the finte rates
ot these chemical reactions may be a hmiting factor in the extraction of the avinlable
chemical energy. A comprehensive assessment of the impontant chemical processes
and ar experimental vahdation of the cnlical rite parameters 1s therelore required
accurate predictions of scramjet performiance are 1o be obtained

IDENTIFICATION OF CRITICAL RLACTIONS,

A chemical kinetics computor simulation code has been employed for modehng the
hydrogen/air combustion in a basic hypersome ramjet engine design The code



models the kinetics and thermomechanics of premixed, quasi-one dimensional, time-
steady streamline segments. Delails of the calculations and the reaction rate
constants employed are presented elsewhere [1]. The code is far simpler than
conventional CFD codes, and does not consider the effects of mixing, conduction.
convection, or diftusion. Our motivation is not to accurately predict scramjet perfor-
mance, but to assess the role of finite-rate chemistry in the combustion process and to
identify key rate-limiting steps in the combustion process.

Using this code, comparisons were made, for a variety of eingine designs and flight
conditions, between calculations involving finite-rate chemistry and those in which
equilibrium conditions are maintained. In particular, radical densities and the energy
yield, i.e., the fraction of the maximum possible heat of combustion achieved. were
examined. From these comparisons, we find that the use of finite-rate chemistry
models in the combus!or section has only a minimal effect on the predicted perfor-
mance. In contrast, very large differences are observed in the rozzle expansion,
driven by the rapid drop in pressure and temperature. The finite-rate chemistry model
predicts significantly higher radical concentrations at the nozzie exit, with a
corresponding decrease in energy yield.

A sensiivity analysis of the chemical reaction model was conducted 1o idently
which reacticns are the key rate-limiting steps in the heat release mechanism ,urnig
the nozzle expansion Most of the bimolecular reactions, such as

OH + H, «» H + HyO (1).
were found to be very fast under typical scramjet operating conditions and tend to
reach a partial equilibrium. Consequently, the exact magnitude of the bimolecular
reaction rate constants that are invoived should have little impact on the overall
chemistry. In contrast, four termolecular radical recombination reactions were fo,nd to

be particularly rate- and. therefore, performance-hmiing  These cntical himiting
rractions are-

H e OH + M H-L,O + M ()
Moo 1l v M -H:,tM (3)
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H+O+M->0H+M (5).

The important collision partners, collectively denoted as M in the above expressions.
are H,0, N5, H,, and possible H-atoms under typical hypersonic combustion condi-
tions. The relative importance of these four reactions varies with equivalence ratio. All
tend 10 be significant under stoichiometric conditions. As might be expected. the
imponrtance of reaction (3) decreases in fuel lean conditions, while reactions (4) and
(5) decrease in fuel rich conditions.

The exact rate constants for these selected reactions that are used in the simula-
tions can dramatically affect predicted combustion efficiency and engine performance.
It i1s therefore of critical importance that the rate constants for these reactions be well
determined if accurate predictions of scramjet performance are to be obtained.

The accuracy to which the rate constants for these processes are presently known
was examined. Figur-e 1 summarizes the published data acquired over the past half
cenlurv for reactron (2), where M = HZO. For references to the original studies from
which these data were obtained, refer 1o the Leeds compilation [2]. The data in figure
1 fall 1nto two groups, high temperature measurements around 2000K from ‘lame and
shock tube experiments, and room temperature data from flash photoiysis expen
ments. The span in the rate constant data at either temperature is nearly two orders
of-magnitude. The sold line in the fiqure is the recommended value of Baulch et al
[2]. but clearly the large spread in the data on which this recommendation 1s based
reveals the unacceptably large uncenainties inherent in this value, as noted in the
ongmal compiation Examination of the data for reaction (2) with other collision
partneis, M, as well as the data for reactions (3), (4). and (5) show similar uncenan:
tes. The cnticai imponance of these recombination reactions to nozzle pertormance,
combined with the large unacceptable scatter in the literature data, indicate that these
reactions are pnme candidates for expenmental study.

EXPERIMENTAL MEASUREMENTS:

The rate constants lor reictions identihed through the modeling simulation: .«
cntical for good scramjet performance are being expernnmentally determined using the
laser photolysis / 1aser induced Huorescence (LPALIF) relaxation knetcs techmque  In
this techmiquer, water vapor, contauming vanous cdded amounts of hydrogen, oxyqen,
andsor nitroqen, 15 equiibrated at temperaturas extanding from room tempaerature 1o
1800K (32001) and at total pressures n the range /7 30 psia  This equihbrgm
mixture will be perturbed essentally instantaneously using excimer laser photoly s o
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Figure 1. Summary of published rate constant data for H + OH + M reaction

as o increase the concentratons of the OH radicals and H atoms bv
HAO + hv(193nm) » OH + H (6)

The absolute densities of the photolvtically introduced radicals can be determinnd
trom the laser fluence and an independently determined photodissociation cionse
seclion for water vapor. Laser-inguced fluorescence 1s then used to momtor the
subsequen! ime histones of the OH and/or H as they return to their equihbnium
concentration:  The time required for the chemical system to return to equiiboum e
the relaxation time, 1s measured and compared to predictions of the chemical kinete
modehny code under identical condiions  Since this techmique simultaneoysly
evaluates the entire reiaxation mechanism, wa can be assured that gll key reaction:,
are addressed in the axpenment and that a gelf-consisient sef of rate constant:, can bae
obtiained

Belore bogqinnimeg the rocombination rate censtant measurements, direct mege, e



menis ~' the rate consiant - the bimolecular reaction
OH + H» = H + H,0O (1a)

were completed in the temperature range 800-1550K. The OH is removed bty this
reaction as the partial equilibration of the OH and H-atom densities is attained.
Analysis ot the fast OH removal rates as a function of added hydrogen yields the rate
consiant for the above reaction.

The rate constant for this reaction has been well determined in a number of
previous studies by other workers and was recently reexamined by Michael and
Suthertand [3]. They ccmbined their shock tube data with those of Frank and Just and
the flash photolysis da.a of Tully, Ravishankara, and co-workers, and derived the
expression:

h = 359- 10 T'% exp[-1726 /T ] cm3molecule's!

which 1s applicable i the temperature range 250-2581 K. Our recent measurements
bridge the gap between the sheck tube data (1246-2581 K) and the flash phetolysts
data (250-1050 K) and are in very good agreement with these previous data sets in
the overlap region Qur data points lie slightly above the fit expression recommended
by Michael and Sutherland. We combined our data with the three data sets they used
and the recently reported data [4] ot Davidson, Chang. and Hanson, to denve a now
express i for the rate constant:

no= 356 10" 1'% exp| -1736/ T ] cmimolecule s 1.

The constants in thin expression are nearly identical to those n the Michael ana
Sutherland expression However, the rate constants calculated with thin now
expression are a few percent higher, averaged over the entire temperature range
Fqure 2 shows an Ar:henus plot of our recently obtained data (1 ANL) alonq wih
some of the other data values obtiuned from published papers ana used in dewernun
ing the fit expression  The it ine shown in the fiqure 1s based on our recommaended
expression  These rosults are presently being prepared for pubiication

[he purpcaes of Do medgsytements was 1o valdate the kinetic measuremaent
tochmque: empioyed m these expenments by reevaluating a well known rate
constant, i preparation o ogr rocombination rate constant measurements v
Actaeved the oopectae o tadoes have bequn on the recombination reaction:,
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Figure 2. A:-henius plot of rate constant data for OH + Hy - H + H,O reactiors

Preliminary rate constant values for recombination reactions (2) and (3) have now
been obtained at a single temperature (1223 K). However, the uncentainty of these
measurements 1s at present unacceptably large. Relaxation rate measurements at this
temperature for additional gas compositions are in progress. Vaiation of the gas
composition allows difterent reactions to dominate the chemistry, and consequently
this addittonal data shou!d improve the precision of these rate constant determina
tions Qver the next few months, the temperature range of these measurements will b
axtended ‘o the imits of our present lugh temperature cell (300 - 1800 K). The wide
temperature range of these expenments (note Fig. 1) should allow accurate extrapola
tons of these new rate constants into temperature regimes of relevance for hyperscme
cormbustion  The status of these measurements will be discussed in the presontatinn
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